The thermoelectric properties of lanthanum-doped polycrystalline perovskite-type europium titanate were measured from room temperature to 900 K and compared to those of MTiO 3 (M ¼ Ca, Sr, Ba). The differences in the titanates were calculated in terms of the differences of A-site ion and Ti-O distance that determined the covalent bonding strength. The A-site ion appeared to have little influence on the electrical properties. The small Ti-O(Ti) distance results in strong bonding and it causes high thermal conductivity together with high electrical conductivity. Europium titanate showed power factor similar to and thermal conductivity lower than those of the strontium titanate. Eu 0:9 La 0:1 TiO 3 showed the highest dimensionless figure of merit of 0.25 at 900 K.
Introduction
Non-toxic and low-cost thermoelectric materials have been desired long for wide the utilization of waste heat. Transition metal silicides and some oxides were investigated as environment-friendly thermoelectric materials. [1] [2] [3] [4] [5] Some reduced or donor-doped titanium oxide and sulfide showed ntype metallic behavior with a large Seebeck coefficient. 6, 7) The large Seebeck coefficient is attributed to the large effective mass in the degenerated Ti3d orbital. They are composed of the low-cost elements, and are thermodynamically stable at high temperatures, which makes the material prospective for wide utilization. However, as a prospective thermoelectric material the thermal conductivity was relatively high. In order to improve the figure of merit, some substitutions and lattice defects were introduced for decreasing the thermal conductivity. [8] [9] [10] [11] [12] Perovskite-type titanate has been studied considerably because of its characteristic properties and various technological applications. The A site is occupied by alkaline earth and rare earth elements which can be substituted widely with each other. In the system of RTiO 3 (R: rare earth elements), only europium titanate has a cubic structure like that of alkaline earth titanate. 13, 14) The titanium ion is tetravalent in europium titanate, and is not trivalent as in other rare earth titanates. The structure and some magnetic and electrical properties of europium titanates have been investigated; 15, 16) however, study of thermoelectric properties has not been conducted yet. Europium titanate has a lattice parameter similar to that of strontium titanate, 13, 14) but the atomic mass of europium is larger than that of barium. The comparison of the thermoelectric properties to those of alkaline earth titanate can be important for the investigation of oxide thermoelectric materials. In this study, the thermoelectric properties of lanthanum-doped europium titanate were measured and compared to those of other perovskite-type titanates, MTiO 3 (M ¼ Ca, Sr, Ba).
Experimental
The alkaline earth titanate samples were prepared from carbonates, oxides and metal titanium, as previously described. 10, 12) The doped europium titanate was also prepared by solid-state reactions using europium sesquioxide by sintering several times at 1273 and 1473 K with argon flow. Then it was ball milled and pressed into a pellet, and sintered at 1873 K. The crystal structure and lattice parameter were evaluated by powder X-ray diffraction using Cu-K radiation. The electrical conductivity and the Seebeck coefficient were simultaneously measured in helium atmosphere using a ULVAC ZEM-1 equipment. The thermal conductivity was evaluated as the product of the thermal diffusivity, the heat capacity, and the experimental density at room temperature. The thermal diffusivity was measured by a laser flash method using a ULVAC TC-7000 equipment in vacuum. The heat capacity of europium titanate was measured by a ULVAC triple-cell DSC. 17) Literature data were used for those of the alkaline earth titanate samples.
18) The figure of merit was calculated from the above-mentioned values.
Results and Discussion
No impurity phase was observed in the X-ray diffraction pattern for all the samples. Pure and lanthanum-doped europium titanate had a cubic structure same as that of strontium titanate. The lattice parameter was slightly smaller than that of strontium titanate, according to the ionic radii of Eu 2þ and Sr 2þ . 19) The lanthanum doping increased the lattice parameter due to the generation of Ti 3þ , which was similar to that of strontium titanate. 8, 20) The sintered europium titanate did not show dark blue color as the other perovskite-type titanates but showed dark black color. It is noted that pure europium titanate shows electrical conductivity, indicating the existence of oxygen vacancies or mixed valence of europium. In addition, it appeared to be brittle in comparison. The lattice parameter and experimental density are shown in Table 1 . The density of europium titanate was about 90% of the theoretical density. Figure 1 shows the temperature dependence of electrical conductivity of the samples. All the samples showed metallic behavior and the value decreased with the slope of about T À1:6 for europium and strontium titanates. The exponent value was rather small compared to previous reports [20] [21] [22] and reduced single crystalline samples. 23) It is reported that optical phonon-electron scattering is dominant at low temperature and the carrier mobility varied with the slope of T À2:7 , 21) and at high temperature, acoustic phononelectron scattering became strong and the exponent decreased to about À1: 6. 20) In this case, the samples were polycrystalline and lanthanum was heavily doped. Thus, the grain boundary scattering and ionized impurity scattering were strong, while the temperature dependence was weakened apparently. The electrical conductivity of barium titanate was smaller than those of strontium and europium titanates. In barium titanate-strontium titanate solid solution, the values changed linearly with the strontium/barium ratio. We concluded that the difference was caused by the change in the lattice parameter, which affected the overlapping of the Ti3d orbital.
10) The small lattice parameter generated the large overlapping and delocalized the electrons, as generally found in other transition metal oxides. 24) In addition, the strong Ti-O covalent bonding reduced the electron-phonon scattering due to the suppression of lattice vibration. Europium titanate showed almost the same electrical conductivity as that of strontium titanate, corresponding to the similar lattice parameter.
The temperature dependence of Seebeck coefficient is shown in Fig. 2 . All the values in the given temperature range were negative and decreased with the increase in temperature almost linearly. The absolute value for barium titanate was larger than those for strontium and europium titanates. The large value for barium titanate is attributed to the large effective mass, generated by the small conduction bandwidth caused by the large lattice parameter. The similarities between europium and strontium titanates can be explained by almost the same degree of the Ti-O orbital overlapping, seen as a result of electrical conductivity. It is noted that the samples were sintered at high temperature, thus reduced to some degree. Single crystalline strontium titanate annealed at 1873 K under the same condition showed Seebeck coefficient similar to that of the 5 at% lanthanum-doped sample.
23) The absolute value of Seebeck coefficient of europium titanate is low with respect to the doping concentration, indicating the carrier generation by the oxygen vacancy or mix valence of europium ion.
The temperature dependence of the calculated power factor of the samples is shown in Fig. 3 . The power factor decreased linearly with the increase in temperature. Strontium and europium titanates had high power factor (>10 À3 W/mK 2 ) in the given temperature range, which is one of the highest values as a polycrystalline oxide thermoelectric material.
The difference in the power factor is attributed to the scattering of electrons. The temperature dependence of the electrical properties was similar, thus, the scattering mechanism was considered to be similar for all the titanates. The dominant scattering mechanisms were optical and acoustic phonon-electron scatterings. 21, 22) Both the scatterings are caused by the fluctuation due to the lattice vibrations. Strong bonding limits the amplitude of the vibrations and results in the increase in the carrier mobility. It is known that III-V compounds have higher melting point and carrier mobility than IV elements because of the additional ionic bonding. Calcium and strontium titanates have melting point higher than that of barium titanate. It is caused by the difference in the distances of atoms, which determines the covalent bonding. Thus, in addition to the overlapping of the Ti3d orbital, the strong bonding in calcium and strontium titanates also causes the high electrical conductivity compared to barium titanate. In europium and strontium titanates, the Asite ions do not appear to affect the electron scatterings. It indicates that Ti-O vibration mainly scatters the electrons in the perovskite-type titanates.
The temperature dependence of the specific heat competence of europium titanate is shown in Fig. 4 . The literature data on strontium titanate 18) are also shown. The experimental value for strontium titanate corresponds to that of the literature data. Europium titanate had larger specific heat capacity compared to the strontium titanate. The difference would be caused by the Schottky term and Debye temperature. The specific capacity of europium titanate is approximated to the following equation,
The heat capacity of doped samples had almost the same value; therefore, we used the above equation for evaluating their thermal conductivity. Figure 5 shows temperature dependence of the thermal conductivity. The thermal conductivity of all the samples decreased with the increase in the temperature, which indicates that phonon contribution was dominant in the given temperature range. Europium titanate showed an intermediate value between those of barium and strontium titanates.
The magnitude correlation of the values was inconsistent with the mass fraction of A-site ion to Ti and O ions. Thus, it is necessary to consider the bonding strength also, as seen in the case of electrical properties. The short Ti-O distance causes high thermal conductivity together with high electrical conductivity because of the strong bonding. Figure 6 shows temperature dependence of the dimensionless figure of merit calculated from the above-mentioned values. The values increased with the temperature and saturated at about 800 K. 10 at% lanthanum-doped europium titanate showed the highest value among the titanates; it reached 0.25 at 900 K. This is one of the highest values for the n-type polycrystalline oxide thermoelectric materials in the given temperature range. Compared to calcium and barium titanates, the high figure of merit of strontium and europium titanates is attributed to the small Ti-Ti distance with a high symmetrical structure. The advantage of europium titanate over strontium titanate can be explained by the larger atomic mass, which limits the lattice vibration to some degree and causes the lower thermal conductivity. The electrical properties were not affected by the A-site ion. Thus, europium titanate together with other perovskite type titanates. 10, 12) it can be said that A-site ion affected thermal conductivity rather than electrical properties; it behaves like a rattling ion in the filled skutteldite. The result indicates that the dominant factor for figure of merit of the titanates is Ti-O(Ti) distance for power factor; in addition, large atomic mass of A-site ion is preferable for low thermal conductivity.
Conclusion
Lanthanum-doped perovskite-type titanates, europium titanates and alkaline earth titanates were synthesized by solid-state reaction. The electrical conductivity, Seebeck coefficient and thermal conductivity were evaluated in a temperature range from room temperature to 900 K and compared with each other. The temperature dependence of the electrical properties was similar for all the samples. Europium titanate showed a power factor as high as that of strontium titanate. The atomic mass of alkaline rare earth or europium ion did not affect the electrical conductivity and the Seebeck coefficient. In the cubic perovskite-type titanates, the electrical properties appeared to be determined by the Ti-O(Ti) distances, that is, by the degree of overlapping of the orbitals. Since the thermal conductivity of europium titanate was rather low due to the heavy atomic mass, the figure of merit is the highest in the perovskite-type titanates.
